A model for actin polymerization is proposed in which the rate of elongation of actin rdaments depends on whether adenosine 5'-triphosphate or .adenosine 5'-diphosphate is bound to the two terminal subunits of the filament.
Actin, one of the two major proteins of muscle, also occurs in all eukaryotic nonmuscle cells, where it is a dominant component of the cytoskeleton and has an essential role in numerous and diverse motile activities. Much of the actin in nonmuscle cells is in an unpolymerized state but only filamentous actin is known to be biologically active. Therefore, understanding the mechanism of actin polymerization and its regulation is of obvious biological importance.
The G-actin monomer (Mr 42,000) assembles into a singlestart, left-handed helical F-actin polymer containing at least a thousand subunits. An important feature of the polymerization process is the accompanying hydrolysis of G-actinbound ATP to F-actin-bound ADP. Oosawa and co-workers (1, 2) developed the first theory for the kinetics of ATP-actin polymerization; modified analyses of the spontaneous polymerization process have since been proposed (3) (4) (5) (6) (7) . In all the models, ATP hydrolysis has been assumed, at least implicitly, to be tightly coupled to the polymerization reaction. Therefore, no deviations from simple reversible polymerization kinetics were introduced, except by Wegner (8) , to allow for the possibility of different critical concentrations at the two filament ends.
However, as predicted by Cooke (9) , recent studies (10-12) have shown that ATP hydrolysis is not necessarily coupled to polymerization; this results in the formation ofan ATP "cap" at the ends of actin filaments. The existence of the ATP cap explains the nonlinear dependence ofthe rate of elongation of actin filaments on the concentration of G-actin (12) , a situation similar to that previously observed with microtubules in the presence of GTP (13) (14) (15) (16) (17) .
More recently, it was found (18) that the ATP-F-actin equilibrium polymer that forms transiently during actin polymerization in ATP has a critical concentration 10 times higher than that of F-actin at steady state. This greater stability of F-actin at steady state may be caused by the particularly strong interaction between ATP-actin and ADPactin subunits, which maintains a very stable interface between the ADP filament core and the ATP cap (19) .
These results led to a reconsideration of the kinetics of actin polymerization and the effects ofATP hydrolysis. In the model proposed in this paper, the rate of actin polymerization depends on the nature of the nucleotide (ATP or ADP) bound to the three terminal subunits of the filament that form the elongating site.
MODEL
The helical actin filament is illustrated schematically in Fig.  1 . All subunits at positions n 2 3 interact strongly with their two adjacent neighbors at positions n -1 and n + 1. The fact that a nucleation step occurs in the polymerization process suggests that they also interact with subunits at positions n -2 and n + 2 (see ref.
2). The two terminal subunits, however, differ from subunits n 2 3 in their number of contacts with neighbors. A new ATP-containing subunit, therefore, is incorporated into the filament in three steps, in the course of which its four interaction areas are sequentially converted into polymer bonds. The environment of the actin protomer is modified during these three steps, causing an increase in its stability and a possible modification of its properties, in particular its ability to hydrolyze ATP. Both the a and b ends, then, can exist in four different conformations, F0, F1, F2, and F3, differing in number of terminal ATP-containing subunits (0, 1, 2, 3). These conformations interconvert by association and dissociation of ATP-actin and by ATP hydrolysis, according to Scheme 1: [31 In the subsequent steps involving F2, F3, ... filaments, the rate of association of ATP-G-actin is balanced by the sum of the rate of dissociation and of the rate of ATP hydrolysis. Therefore, the net on flux ofactin subunits is equal to the rate of ATP hydrolysis:
k3fi-1c -k-3fi= kHfi, [4] where kH is the rate of ATP hydrolysis at position n = i on F, (i . 3). By iteration, the following equation can be derived:
where K' = k30/(k3 + kH). Note that, unlike K1 and K2, K' is not an equilibrium constant. The steady-state rate of elongation, J(c), then can be written:
[61 The first term in Eq. 6 represents the off flux of ADPcontaining subunits from FO filaments and the second term represents the net on flux of ATP-containing subunits, which is equal, at steady state, to the rate of ATP hydrolysis, JH.
The normalization relation for thef provides an equation for fo:
(K'c < 1). [7] Then the steady rate of elongation becomes When c = 1/K' = c' the series in Eq. 7 diverges and J = JH = kH. At concentrations above c', Eq. 6 is no longer valid because ATP-actin subunits are incorporated at a faster rate than ATP is hydrolyzed. Then, the size of the ATP cap is no longer defined and increases indefinitely with time. At concentrations above c', the Fo, F1, and F2 species become negligible and only reversible polymerization of ATP-actin onto ATP ends of the filaments (12) has to be considered, according to the rate equation
In this region, the ATP cap grows at the rate k3(c -c') while the ADP part of the polymer grows at a constant rate JH = kH, independent of c. Therefore, the concentration c' = 1/K' represents a transition point between steady-state polymerization with coupled ATP hydrolysis at the interface of the ATP cap and polymerization uncoupled from ATP hydrolysis. The validity of this model can be assessed by comparing Fig. 2C ; this upward deviation has independent verification (18)]. For the theoretical curves, the experimentally determined values of some parameters were used (Table 1) and the remaining unknowns, that is K1, K2, and kH, were calculated or adjusted to give the best fit to the data as follows. Given 1/K' = 11 IiM, kH could be calculated using the values determined for k3 and k3 and the relation kH = (k3/K') -kL3; at the critical concentration, J = 0, and the value of K1K2 could be derived from Eq. 8. Then, an estimation must be made of the ratio K1/K2, which must be less than 1 to achieve a good fit. Fig. 2 allel to the evolution of 1 -fo -fi -f2 (see Eq. 6).
Time Course of Nucleated Polymerization. Eqs. 8 and 10 can be integrated to obtain the time course of polymerization at a given concentration of filaments and a series of initial ATP-G-actin concentrations. Theoretical polymerization curves were generated by computer using the Runge-Kutta numerical integration method. Fig. 3 shows the fit to data obtained under the same conditions as for the J(c) plot. The same parameters were used as in Fig. 2 Fig. 2 tion from the exponential increases as the critical concentration is approached.
Role of ATP Hydrolysis in Actin Polymerization. The model proposed here for actin polymerization accounts for the observed nonlinear dependence of the rate of polymerization on actin concentration that was previously attributed to the involvement of ATP hydrolysis in the polymerization process (12, 18) . In addition, a satisfactory fit to the polymerization curves is achieved over a large range of actin concentrations, including the region of low actin concentrations where the largest deviation from the classical exponential process is observed. The model thus eliminates the need to include fragmentation or reannealing steps that were previously introduced (6, 7, 22) to fit the kinetic data.
The main characteristics of the new model can be summarized as follows: the elongation site of the filament consists of the two terminal subunits that can have either bound ATP or bound ADP, leading to three different types of interaction with ATP-G-actin. Hence, different species of filaments, Fo, F1, F2, and F, (i 2 3), according to the number of terminal ATP-containing subunits, need to be considered in the expression of the rate of polymerization. The nonlinear behavior of the J(c) plot is due to the change in the proportions of the different filament species with ATP-Gactin concentration and to the fact that ADP-containing subunits dissociate about 10 times faster than ATP-containing subunits from F2 filaments. The model implicitly assumes that the rate of nucleotide exchange on the three terminal subunits is slow compared to the rates of association-dissociation of actin subunits. If this were state growth hypothesis used to fit the model to the data is justified because in the in vitro assay the concentration of filaments is 3-4 orders of magnitude lower than the concentration of monomeric actin, so that at least a hundred association-dissociation events can take place at the ends without affecting the concentration of monomeric actin by more than 1 to 10%.
At concentrations above c' = 1/K', filaments incorporate long stretches of ATP-containing subunits of undefined length, in a scheme of reversible polymerization uncoupled from ATP hydrolysis. The fast rate of ATP hydrolysis at the interface between the ATP cap and the ADP body of the filament acts like a barrier to the establishment of the regime of reversible polymerization of ATP-G-actin. This is why the uncoupling between ATP hydrolysis and polymerization cannot be experimentally observed below a concentration of c' = 1/K'. In other words, the concentration c' can be understood as the critical concentration for the nucleation of the ATP-F-actin polymer, while the concentration c3 = kL3/k3 is the reciprocal of the elongation equilibrium constant K3 for the ATP-F-actin polymer. In previous studies (11, 12) , the rate constant for ATP hydrolysis on F-actin was obtained assuming random ATP hydrolysis in the ATP cap at all positions, giving an exponential process that fit the experimental data. The new model assumes that ATP hydrolysis occurs at the cap-body interface and progresses linearly toward the tip; thus, the same data give a value for the rate constant for ATP hydrolysis that is 3 orders of magnitude higher than in the previous model. The apparent exponential process actually observed for ATP hydrolysis after fast polymerization (when it should be linear according to the new model) can be explained by the length distribution of the ATP cap. This explanation is the same as that which gives rise to an apparent exponential process for the linear depolymerization of actin monomers from filament ends. While this new model may be a simplification of the real processes, it provides a reasonable fit to the data and offers the advantage of a simple analytical solution for the involvement of ATP hydrolysis in the kinetics of actin polymerization. The best way to choose between these two models (i.e., random hydrolysis in the cap or site-specific hydrolysis of ATP at the cap-body interface) is to measure directly the rate of ATP hydrolysis by actin filaments as a function of ATP-G-actin concentration (a JH plot). This JH plot should allow the direct determination of JH = kH above 11 (13, 14, 17, (23) (24) (25) .
At the critical concentration (cc = 0.55 uM in the chosen example) the Fi filaments coexist in the following proportions ( Fig. 2 ATP hydrolysis could be associated with the formation of the bond between the a-interaction area on the third subunit from the tip (3' in Fig. 1 ) and the b-interaction area of the first subunit (1') of the filament. ATP hydrolysis would thus facilitate the first two polymerization steps of ATP-G-actin and a steady-state ATP cap would maintain dynamically the stability (critical concentration, 0.55 4M) of an otherwise unstable polymer.
CONCLUDING REMARKS
In summary, the model for ATP-actin polymerization developed in this paper accounts for several recent observations that are incompatible with previous models: (i) ATP hydrolysis occurs on filaments subsequent to the elongation step and an ATP-cap is thus maintained at the filament ends; (ii) the rate of filament elongation is not directly proportional to the concentration of ATP-actin monomer; (iii) the time course of elongation is not a true exponential; (iv) the critical concentration for the reversible polymerization of ATP-actin is larger than the critical concentration of ATP-actin at steady state. The present model proposes the existence of four distinct species of filaments having ATP bound to zero, one, two, or three terminal subunits. The fact that ATP is hydrolyzed rapidly at the interface between the ATP cap and the ADP core, but not on the two terminal subunits, promotes the growth of the ADP core, while keeping two ATP subunits at the tip of the filament, over a large range of actin concentration. This mechanism also provides a remarkable stability to the filament ends-i.e., a low critical concentration-while the homopolymers of both ATP-actin and of ADP-actin have high critical concentrations.
We believe that this model goes a long way toward explaining the role of ATP hydrolysis in the polymerization of actin. One must recognize, however, that cells contain numerous actin-binding proteins (26) (27) (28) ) that modulate the intrinsic polymerization properties of the actin molecule. For example, actin-binding proteins may significantly affect ATP hydrolysis by actin, thus altering the distribution of ATP cap lengths, and the length of the ATP cap may, in turn, significantly influence the interaction of actin-binding proteins with filament ends. D.P. was supported in part by the Centre National de la Recherche Scientifique and the Ligue Nationale Francaise Contre le Cancer.
